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Abstract
Biomass burning has long been recognised as an important source of trace gases
and aerosols in the atmosphere. The burning of vegetation has a repeating seasonal
pattern, but the intensity of burning and the exact localisation of fires vary considerably
from year to year. Recent studies have demonstrated the high interannual variability5
of the emissions that are associated with biomass burning. In this paper we present
a methodology using active fire counts from the Along-Track Scanning Radiometer
(ATSR) sensor on board the ERS-2 satellite to estimate the seasonal and interannual
variability of global biomass burning emissions in the time period 1996–2000. From
the ATSR data, we compute relative scaling factors of burning intensity for each month,10
which are then applied to a standard inventory for carbon monoxide emissions from
biomass burning. The new, time-resolved inventory is evaluated using the few existing
multi-year burned area observations on continental scales.
1. Introduction
Emissions of greenhouse gases and pollutant species into the atmosphere have risen15
dramatically over the past century and have begun to exert a globally noticeable influ-
ence on the Earth’s climate and the welfare of it’s population (Houghton et al., 2001).
Because of the spatial inhomogeneity and temporal variability of the emission sources
and the atmospheric transport patterns, comprehensive three-dimensional models de-
scribing the physics and chemistry of the atmosphere are necessary in order to inves-20
tigate the impact of these emissions on the global and regional scale. Several such
models have been developed over the past decade (c.f. Kasibhatla et al., 1991; Mu¨ller
and Brasseur, 1995; Atherton et al., 1996; Brasseur et al., 1998; Hauglustaine et al.,
1998; Wang et al., 1998; Bey et al., 2001, Horowitz et al., submitted to J. Geophys.
Res. 2002), and they are now beginning to be employed for decadal variability studies25
(e.g. Karlsdottir et al., 2000). Furthermore, such models have recently been put to use
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for forecasting atmospheric species concentrations in a number of large-scale airborne
field experiments (c.f. Lawrence et al., submitted to ACP, 2002).
In order to achieve a realistic description of the atmospheric composition and for the
comparison of model simulations with observations, one has to take into account the
variability in transport, UV radiation, and emissions of key trace gases and precursor5
species. The first is readily accomplished through the use of assimilated meteorolog-
ical fields provided by the large weather forecasting centers, e.g. ECMWF in Europe,
or NCEP and NASA-DAO in the US. Interannual changes in tropospheric UV radia-
tion can be accounted for by assimilating stratospheric ozone concentrations into the
model. The model sensitivity towards stratospheric ozone change has been assessed10
for example by Deleeuw and Leyssius (1991) and Fuglestvedt et al. (1994).
In comparison to these assessments of the meteorological and UV variability, not
much has been done to address the problem of the seasonal and interannual vari-
ability of anthropogenic and natural trace gas and aerosol emissions. van Aardenne
et al. (2001) has compiled a 100-year global database of emissions from fossil fuel15
use and other sectors, but they have not dealt with the variability of biomass burning
emissions. Amiro et al. (2001) and Barbosa et al. (1999b) have investigated this vari-
ability on a continental scale for Canada and Africa, respectively, and Lavoue´ et al.
(2000) have constructed a multi-year inventory for carbonaceous particles from tem-
perate and boreal wildfires. All of these studies found significant interannual variations20
in the magnitude and the geographical location of fires. The only study, which has
addressed this problem on the global scale so far, is that of Duncan et al. (submitted
to J. Geophys. Res., 2002), who use the Total Ozone Mapping Spectrometer (TOMS)
aerosol index as a proxy for the emission flux.
It has long been recognised that biomass burning constitutes a major source term for25
a variety of pollution and ozone precursor species (e.g. Table1), especially in the trop-
ical latitudes and in the southern hemisphere, where emissions from fossil fuel com-
bustion are relatively low. Vegetation burns for a variety of reasons, but fires are mostly
of human origin with less than 20% being ignited by lightning strokes (c.f. Goldammer,
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1990; Levine, 1996). Vegetation fires occur on different spatial scales and last from
hours to weeks. For the purpose of this study the term biomass burning is restricted to
open fires in the savanna and in tropical, temperate, and boreal forests. Emissions from
agricultural waste burning and fuelwood burning also add up to a large contribution to
the global source of atmospheric pollutants, but they require a different treatment and5
are not discussed in this paper.
In order to estimate emissions from vegetation fires, one needs to know the amount
of fuel that is available for burning and the percentage of fuel that is actually burned
over a specific time period. The amount of fuel that is burned in a given region and the
fraction of fuel burned depend on a number of factors, such as the vegetation density,10
fuel composition and dryness, and meteorological parameters like wind speed, humid-
ity, and temperature (c.f. Goldammer, 1990; Levine, 1996). For practical purposes, the
emissions of other trace gases and aerosol are typically scaled to the amount of CO2
released, although these emission ratios can vary depending on the type of combustion
(e.g. flaming vs. smoldering fires, Andreae and Merlet, 2001). All of these parame-15
ters exhibit a great temporal and spatial variability, which has not been included in the
global model inventories up to the present. Existing emission inventories (e.g. Hao
and Liu, 1994) have been compiled using a variety of data from national reports (e.g.
Goldammer, 1999) and a statistical approach in order to arrive at a globally consistent
picture. The uncertainties of these inventories are considerable, and they are difficult20
to evaluate because of the seasonal and interannual variability of these emissions.
This paper presents a simple method to introduce the seasonal and interannual vari-
ability of biomass burning emissions into global emission inventories for atmospheric
trace gases and aerosol. Monthly composites of active fires detected from space are
used as a proxy for the relative strength of the biomass burning source in a model25
grid box. Currently, this method is limited to the time period August 1996–December
2000, because of the availability of global fire count data. However, with the successful
launch of Envisat and the current push towards operational environmental prediction
systems, it is likely that such data sets will become routinely available in the future. The
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4-year inventory resulting from this study is evaluated by comparing its variability with
literature estimates for specific regions.
2. Method
The compilation of a global inventory of biomass burning emissions is a labor-intensive
and tedious task, requiring a lot of detailed knowledge about agricultural and landuse5
practices, vegetation properties, and climatological conditions in individual countries
and regions. Due to the sparsity of such information, the existing global inventories
have to rely on statistical assumptions, which obviously prevent their usefulness for
assessing the interannual variability of fire emissions. Only few attempts have been
made to assess the variability of biomass burning on the continental scale (Barbosa10
et al., 1999b; Amiro et al., 2001; Wotawa et al., 2001).
In this paper, a simple scaling approach is used in order to estimate the variabil-
ity of biomass burning emissions on the global scale. The method is based on the
assumptions that the annual totals of the existing inventories represent approximately
average conditions, and that the seasonal and interannual variability can be introduced15
by scaling these emissions with some measure of fire activity. The base inventory for
this study is that of the MOZART2 model (Horowitz et al., submitted to J. Geophys.
Res., 2002), which includes the inventories from Hao and Liu (1994) and Ward (1990)
for tropical savanna and forest fires, respectively, and from Mu¨ller and Brasseur (1995)
for temperate and boreal forest fires. The original 5◦ × 5◦ inventory has been interpo-20
lated onto a 1◦ × 1◦ grid, and a land-sea mask has been applied in order to constrain
emission fluxes to the land surface and to better localise the emission sources in indi-
vidual years. Emission estimates for species other than CO2 are derived by calculating
emission ratios from the emission factors given in Andreae and Merlet (2001).
Because there is no longer-term global data set of burned areas available at present,25
monthly composites of active fire observations from the ATSR sensor on board the
ERS-2 satellite (Arino and Melinotte, 1998) are used as a surrogate (“world fire atlas”
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http://shark1.esrin.esa.it/ionia/FIRE/). This data set is the only one with
global coverage that is available for a reasonably long time period.
For the ATSR fire product, only nighttime observations are used, and a threshold
of 312 K (algorithm 1) or 308K (algorithm 2) is applied to the radiance of the 3.7µm
channel in order to detect fires. The resolution of the ATSR sensor is 1×1 km2, which5
allows for detection of a 600K hot spot of 0.1 ha or an 800K hot spot of 0.01 ha (Arino
and Melinotte, 1998). The sensor achieves complete global coverage every three days.
Compared to daytime observations from the Advanced Very High Resolution Radiome-
ter (AVHRR) (Barbosa et al., 1999a), the number of fires detected from the ATSR night-
time scans is considerably smaller. However, many of the fires detected during daytime10
are relatively small controlled burns, which attribute little to the large-scale regional
burned area.
While it is clear that the active fire detection from ATSR cannot be directly translated
into the amount of burnt material or released trace substances, the data set neverthe-
less contains information about the variability and the timing specifically of the larger15
fires, which very likely constitute the majority of the burnt area (Stocks, 1991). Assum-
ing that the amount of biomass that is available for burning does not vary too much
from year to year and within a given geographic region, the variability in the number of
nighttime fires should therefore be a good proxy for the variability in burnt area, and the
variability in burnt area should provide a reasonable estimate of the variability in the20
emissions. In forested areas, this assumption might often be reasonably close to real-
ity, whereas biomass density in the savanna can vary considerably from year to year.
Yet, even then one can argue, that the larger fires, which are seen during nighttime
are more likely to occur if the density of vegetation is sufficiently high. Therefore, in an
integral sense, the relative change in the number of large intensive fires in a grid box25
should provide a first order approximation for the variability of the trace gas emissions
in that region.
The ATSR data set contains a number of events from heat sources other than vege-
tation fires. These have been removed from the analysis based on the criterion that no
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grid box should contain more than 3 active fires for more than 7months per year. This
criterion is based on the presumption that true fire activity shows a distinct seasonality
and usually ceases during winter or during the wet season. Visual inspection of the grid
boxes that are removed from the analysis shows that they are predominantly located
in areas where oil and gas flaring is known to occur, i.e. Northern Siberia, the Persian5
Gulf region, Mediterranean North Africa, etc. (Fig. 1). A few falsely detected fires are
also seen in the Sahara region.
In order to derive a measure for the relative fire activity in a given month, the time
series of individual fires (ATSR pixels above the 308K threshold) for the observation
period from August 1996 to December 2000 are sampled into 1◦×1◦ grid boxes and10
normalized, so that the cumulative fire frequency in each grid box is 1/year on average.
Grid boxes with no fires throughout the 5-year period and ocean grid boxes are marked
with a 0 value.
Figure 2 shows the resulting scale factors for a few selected grid boxes as a function
of time. The seasonality generally follows the expected behaviour with most intense15
burning in the dry seasons, i.e. December/January for the Sahel, July/August for the
northern hemisphere boreal forests, and September/October for southern hemispheric
Africa and South America. There is considerable variability from year to year for some
grid boxes, whereas others (notably in the Sahel) exhibit a relatively periodic pattern.
Because of the long fire return interval in boreal regions (c.f. Thonicke et al., 2001),20
some of the grid boxes in Fig. 2 show fire activity only during one of the 5 years (e.g.
83 ◦ E, 49 ◦N in 1997, and 50 ◦ E, 50 ◦N in 1998). It should be emphasized, that Fig. 2
does not contain information about the differences between grid boxes, but only shows
the time series of fire occurences within individual boxes.
The final step in deriving biomass burning emissions for individual years and months25
is multiplication of the scale factors with the “climatological” annual biomass burning
emissions from the MOZART2 inventory. The result is a monthly resolved, global grid-
ded inventory of savanna and forest burning emissions for the time period August 1996
– December 2000.
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Some of the grid boxes do not exhibit any fire activity during the time period con-
sidered here, but they are associated with non-zero emissions in the climatological
inventory. Therefore, the average annual global total of the CO emissions from the
new inventory is about 15% lower than the annual total of the original inventory of the
MOZART2 model. While this is well within the uncertainty range for biomass burning5
emissions, we decided to apply a uniform scaling factor of 1.2 to the new inventory in
order to facilitate comparison with previous model results and to be able to investigate
the effects from the better localisation and timing of fires without changing the global
“background” concentrations too much.
3. Results10
As an example for the final product, Fig. 3 shows the global biomass burning emission
inventory for CO for the months of January, April, July, and October in the individual
years from 1997 to 2000. One can clearly identify a number of outstanding events,
such as the Indonesian forest fires in October 1997, or the Canadian boreal fires in
the summer of 1998. Significant interannual variability is seen in Southern Africa and15
South America during the fire season from July to October, as well as in northern India,
South East Asia, and Central America in April.
Table 2 lists the cumulated annual CO emissions from biomass burning for various
regions and compares them with the standard emission inventory. The largest year-to-
year variability can be seen in Indonesia, where the extreme fires in 1997 led to a factor20
of 3 increase in the emissions of CO. Africa and South America are estimated to have
the largest emissions from fires and show the lowest interannual variability (20% and
30%, respectively). According to the scaling method, 1998 was the year with the largest
biomass burning emissions in the four-year period. Globally, the release of CO is
estimated to be 20% higher in 1998 than on average, and it is highest in all the regions25
listed in Table 2, except for continental South East Asia, the Indian subcontinent, and
Indonesia.
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4. Discussion
The variability of the burned area in North American and Russian forest fires has been
analysed by Wotawa et al. (2001). Their estimates are compared with the new CO
emission estimates in Fig. 5. This comparison can only be qualitative, since there is no
simple relation between the burned area and the resulting trace gas emissions. The5
variability for North American fires compares well even in relative magnitude, whereas
the CO emissions show less variability than the burned area estimates in Russia. It is
possible that this difference can be attributed to the poorer data quality for the Russian
burned area estimates as pointed out by Wotawa et al. (2001). Another factor could
be the higher fraction of ground fires in Russia, which are not detected by the satellite10
sensor (M. Simon, personal communication 2002).
Barbosa et al. (1999b) (subsequently labeled as B99) have compiled data for Africa
for the time period 1981–1991. They present statistics for burned area and estimates
for the amount of burned material and trace gas emissions during six “fire years”
(November–October). Unfortunately, there is no overlap between the time period of15
the B99 study and the emission estimates from this paper. Nevertheless, it is worth-
while to compare the statistics that are derived with the two approaches. B99 give
a low and a high estimate of burned area, which naturally results in a range for the
emission estimates as well. For the period November 1985–October 1991 they de-
rive CO emissions of 40 ± 11Tg/yr (low estimate) to 152 ± 41Tg/yr (high estimate).20
In absolute values, these estimates are lower by a factor of 1.3–5 compared to those
from the standard inventory used in this study. This is due to the lower burned area
estimates by B99 compared to Hao and Liu (1994). B99 also use somewhat different
emission factors (230 g/kg and 68 g/kg for tropical forests and savanna, respectively
compared to 104 g/kg and 65 g/kg from Andreae and Merlet (2001)). The percent25
variability (1 σ/mean×100) of the B99 emission estimates is 27% for both the low and
high estimates. This is almost twice as high as the variability of 14 % that can be
derived from Table 2. If the scaled emissions are analysed for “fire years” instead of
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calendar years, the interannual variability is slightly increased to 17%. Broken down by
latitude, the variability in southern hemispheric Africa, where 43% of the emissions are
located, amounts to 25% in the scaled inventory, whereas northern hemispheric Africa
only varies by 13% between the years.
The different variability estimates might in part be explained by variations in fuel load5
and burning efficiency, which have been taken into account by B99 using a correlation
with the normalised differential vegetation index (NDVI) as a proxy for the biomass den-
sity and an inverse correlation with the relative greeness index (RGI) for estimating the
burning efficiency. Another important aspect is the subgrid-scale variability of vegeta-
tion types and their different burning behaviour. Since the scaling approach starts from10
a gridded emission inventory, it necessarily assumes average vegetation properties.
B99 provide annual burned area estimates for 16 individual vegetation classes. Inter-
annual variability of burned area ranges from less than 10% for some classes to more
than 50% for other classes. Averaged over all vegetation classes, the variations in the
burned area of B99 account for 95% of the variability in the CO emissions. Therefore, it15
can be expected that forthcoming satellite derived estimates of the burned area should
provide a good measure of the variability in the emissions if augmented by information
on the vegetation type and fuel load on a high resolution. Active fire counts provide
a less quantitative estimate, which can however be useful for near real-time model
simulations.20
5. Conclusions
The use of ATSR fire count data to derive scaling factors for a global biomass burning
emission inventory is a simple approach that allows for a more realistic description of
fire situations for simulating particular years with global chemistry transport models. It
has been demonstrated that the normalized scaling method qualitatively reproduces25
outstanding fire events. The algorithm produces an interannual variability that is similar
to the variability observed in burned area statistics for some regions (e.g. North Amer-
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ica and Southern Africa), but only about half as large in other regions (e.g. Russian
Federation and Sahel). However, these comparisons remain somewhat qualitative, be-
cause there is no direct quantitative relation between the burned area and the trace
gas and aerosol emissions from fires.
Preliminary model results indicate that the impact of using these more localised and5
intense emissions on the CO concentration can easily reach 30% in the free tropo-
sphere downwind of emission regions. A more detailed analysis of the model results
will be subject of a different paper.
With over four years of sampling, the ATSR data set is beginning to become statis-
tically robust, and there is reason to believe that a similar and consistent product will10
also be available from the Advanced Along-Track Scanning Radiometer (AATSR) on
the recently launched Envisat. Quantitative improvements might be obtained by using
satellite estimates of the burned area (such as GLOBSCAR, GBA 2000 (Gre´goire et al.,
2002) or the Vegetation Cover Change product from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS), which are currently under development) together with15
high-resolution vegetation data. This would allow for a direct estimate of emissions
instead of the scaling of an existing climatological inventory. For multi-year simulations
of the past, the fire count approach should be considered as an interim solution until
such more sophisticated products become available.
A new and emerging application of global chemistry transport models is the predic-20
tion of pollutant concentrations (“chemical weather”) to provide boundary conditions
for regional forecast models or to support large-scale field experiments. Because of
the simplicity of the technique, the active fire scaling approach appears well suited
for quasi-realtime emission estimates as they will be necessary for such endeavours.
However, this would require a near real-time operational active fire satellite data prod-25
uct, which is currently not available.
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Table 1. Global annual emissions from savanna and forest fires and percent of total emissions
for various species. Vegetation fire emission estimates from Hao and Liu (1994), Mu¨ller and
Brasseur (1995), and Ward (1990), other emissions from Olivier et al. (1996) and Mu¨ller and
Brasseur (1995) (details in Horowitz et al., submitted to J.Geophys. Res., 2002)
Species Savanna and forest Fraction
fire emissions of total
CO2 1650TgC/yr 6%
CO 470Tg/yr 36%
C2H6 3.0 TgC/yr 32%
C3H8 0.6 TgC/yr 8%
C2H4 6.0 TgC/yr 31%
C3H6 1.9 TgC/yr 23%
CH4 24.1 Tg/yr 5%
CH2O 5.4Tg/yr 78%
CH3COCH3 1.5 Tg/yr 10%
N2O 1.4Tg/yr 4%
NOx 7.6 TgN/yr 17%
a
a Total NOx emissions include 4TgN from lightning
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Table 2. Regional totals of biomass burning emissions estimated from the ATSR scale factor
approach (in TgCO/yr)
Region Standard 1997 1998 1999 2000
Inventory
global 678 624 806 681 594
North America (20◦–82◦ N, 50◦–168◦W) 74 40 88 68 63
Russian Federation (40◦–76◦ N, 42◦–185◦ E) 47 39 59 37 40
Mediterranean Europe (36◦–49◦ N, 10◦W–42◦ E) 35 18 46 34 44
Continental South East Asia (7◦–30◦ N, 92◦–119◦ E) 46 29 64 70 27
Indian subcontinent (3◦–28◦ N, 67◦–91◦ E) 45 30 36 63 47
Indonesia (11◦ S–6◦ N, 96◦–150◦ E) 14 47 13 6 5
Africa (42◦ S–22◦ N, 22◦W–53◦ E) 198 195 239 173 198
South America (54◦ S–11◦ N, 33◦–82◦W) 146 166 196 159 100
Australia (45◦–10◦ S, 114◦–156◦ E) 16 18 13 22 20
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Fig. 1. Areas with hot pixels in the ATSR world fire atlas, which are unlikely caused by vege-
tation burning. All 1◦×1◦ grid boxes where more than 3 active fires occur over 7months each
year are marked with a red x.
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Fig. 2. Time series of the normalised monthly fire occurence in selected grid boxes. The fire
frequency has been derived by sampling ATSR nighttime active fire observations into 1◦×1◦
grid boxes.
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Fig. 3. Monthly global 1◦×1◦ emissions of carbon monoxide from forest and savanna burning
for January and April 1997–2000 after applying the scale factors derived from the ATSR active
fire observations (unit: GgCO/month)
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Fig. 4. Dto. for July and October
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Fig. 5. Comparison of the variability of CO emissions from biomass burning (this study, filled
symbols) with estimates of burned area for North America and the Russian Federation (Wotawa
et al. (2001), open symbols).
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